355 nm high-reflective multilayer coatings with or without coevaporated interfaces (CEIs) were prepared by electron beam evaporation under the same deposition condition. Their transmission spectra, surface roughness, and mechanical stress properties were evaluated. Elemental composition analysis of the multilayer interfaces was performed using x-ray photoelectron spectroscopy, and laser-induced damage thresholds were obtained in both 1-on-1 and 300-on-1 testing modes. The coatings with CEIs reveal a lower mechanical stress and a higher laser damage resistance when irradiated with high laser fluence, and the corresponding damage modeling indicates that CEIs can significantly decrease defect density. The resulting damage morphologies show that CEI coatings can significantly suppress coating delamination and exhibit a "bulk-like" damage behavior, demonstrating better damage performance against high-power lasers.
Multilayer dielectric coatings fabricated by e-beam (EB) evaporation are widely used in laser systems because of their fine optical qualities and high laser damage resistance. For example, high laser damage threshold multilayer coatings manufactured by EB were utilized in the National Ignition Facility (NIF), Shenguang (SG III) [1] , and other places. However, great effort is still underway to achieve a higher laser damage resistance of multilayer coatings in recent years [2] [3] [4] [5] [6] . In the nanosecond regime, damage can be attributed to different kinds of defects [7] . The interface between two materials is considered one of the main damage sources due to the interfacial absorption [8] , high density of defects [9] , and significant differences between thermal expansion coefficients of the evaporated materials [10] . The interfacial issues may lead to severe coating delamination and flat bottom pits [11] when irradiated by high-power laser pulses. Previous studies demonstrated that delamination could be suppressed by introducing a thicker SiO 2 overcoat layer [12] or by using a double-stack multilayer design [13] , thus improving the laser damage resistance of a coating. However, when the fluence of laser irradiation increases, interfaces inevitably become one of the damage sources. The discrete interface problem is one of the topics to be solved in the field of high-power laser coatings. In recent years, researchers have proposed applying mixtures by coevaporation or cosputtering processes in both monolayers and multilayers [14] . Here, the coevaporation processes were used at interfaces in conventional (CON) EB coatings.
In this Letter, we mainly focus on the impact of multilayer interfaces on the 355 nm high-reflective (HR) coatings. With the coevaporation process at the interfaces, multilayer coatings with special interfaces were prepared. Mechanical stress characteristics and interface elemental composition profiles for the coatings with or without coevaporation interfaces (CEIs) were acquired. The effect of CEIs on the laser damage resistance of the coatings was evaluated by studying their laser-induced damage performances in both 1-on-1 and 300-on-1 testing modes.
In this experiment, two kinds of dielectric multilayer coatings were prepared using a Leybold coater: CON and CEI coatings, respectively. The coating designs were both Sub∕ 12LHL 8 ML 10 M12.2L/A, where "Sub" denotes substrate, "A" denotes the air, and "H", "M", and "L" denote HfO 2 , Al 2 O 3 , and SiO 2 , respectively. The coatings had high reflectivity for 355 nm at an incidence angle of 45°with S-polarization designed by commercial Essential Macleod. All the H, L, and M layers had quarter-wave optical thicknesses (QWOT) corresponding to the reference wavelength of 386 nm. As shown in Fig. 1 , during CON processes, a shutter was applied to guarantee only one source evaporation for each layer. However, for CEI processes, the shutter was not used, and the CEIs were achieved by precisely controlling the evaporation rates of two materials during the coevaporation period. The CEI physical thicknesses were maintained at a value of about 10 nm by controlling the duration of the coevaporation process. A commercial optical monitoring system OMS 3000 (Leybold Optics GmbH) was used for each layer to ensure the same total optical thickness during deposition. The coatings were deposited by using Hf [10] , Al 2 O 3 , and SiO 2 as the starting materials. All the K9 substrates were supersonically cleaned before clamping, and ion-assisted cleaned in the coating chamber before deposition. The chamber was pumped to a base pressure of 4.5 × 10 −4 Pa, and the substrates were baked to 473 K prior to deposition. The deposition rates for the HfO 2 , Al 2 O 3 , and SiO 2 layers were 0.11 nm/s, 0.15 nm/s, and 0.26 nm/s, and the corresponding oxygen pressures in the vacuum chamber were 1.4 × 10 −2 Pa, 1.3 × 10 −2 Pa, and 5.5 × 10 −2 Pa, respectively. The transmission of both samples (45°, S-polarization) measured by a spectrometer (Lambda 1050 UV/VIS/NIR, Perkin-Elmer) were lower than 0.1% at 355 nm (Fig. 2) .
Surface roughness of both coatings were evaluated by an atomic force microscopy (AFM), and the obtained root mean square (RMS) roughness values for the CON and CEI coatings were 1.679 nm and 1.627 nm, respectively, which could be regarded as a small difference between both samples. Mechanical properties of the multilayer coatings were characterized by a ZYGO Mark III-GPI interferometer at a wavelength of 632.8 nm. Substrate radii before R 1 and after R 2 deposition were used to calculate their total stress σ tot utilizing Stoney's equation [15] :
Here E s and ν s denote the Young's modulus and Poisson ratio of the substrate, while t s and t f represent the thicknesses of the substrate and the film, respectively. As shown in Table 1 , the CEI samples have lower mechanical stress than the CON samples, indicating that CEIs are capable of releasing coatings stress. The subsequent measurements for both coatings showed a gradual mechanical stress relief with time.
Sample interface elemental composition profiles were characterized by a K-Alpha x-ray photoelectron spectrometer (XPS) in a high vacuum environment with a base pressure of less than 1 × 10 −7 Pa. The spectrometer was equipped with the monochromatic Al K-alpha hν 1486.6 eV x-ray radiation as the excitation source. The charging compensation was applied, assuming that the C 1s peak appeared at a binding energy of 285 eV. Depth profile measurements were conducted using 1 keV Ar ions with an ion current of 3 mA and a spot size diameter of 400 μm. The etching rates were equal to 0.16 nm/s and 0.07 nm/s for SiO 2 and Al 2 O 3 , respectively. The commercial Avantage software with tabulated XPS standard data was used to analyze the obtained data. An analysis of the XPS spectra was carried out after Shirley background subtraction. The XPS peak positions (Si 2p, Al 2p, and O 1s) for both samples were not apparently affected by the presence of CEIs, indicating the absence of new compounds at the interfaces. According to Fig. 3 , the XPS results reveal the existence of a pure deposited material and diffused species in each layer due to the diffusion between neighboring layers in EB multilayer coatings. In order to determine the physical thicknesses of the CEIs, elemental compositions of the two samples were characterized by the same etching process, and elemental composition changing should be considered. The etching time for the pure Al 2 O 3 layer (with the SiO 2 content equal to 0%) of the CEI coatings was about 100 s shorter than that for the CON coating, indicating that the thickness of the CEI was about 7 nm, which is close to the originally set value. The adhesion property of the adjacent materials can be further improved by CEIs.
The laser damage system utilized in this work was described in detail elsewhere [16] . Laser damage experiments were carried Fig. 1 . Refractive index profiles for the CON and CEI coatings. The CEI multilayer coating interface was by coevaporation, and its optical thickness coincides with that of the CON coating during the HL (HfO 2 ∕SiO 2 ) and ML (Al 2 O 3 ∕SiO 2 ) deposition cycles. a All the coating stress was compressive and shown in the negative. All the tests were conducted at a relative humidity of 45 5% and temperature of 22 2°C. Fig. 3 . SiO 2 fractions as functions of etching time for the ML (Al 2 O 3 ∕SiO 2 ) layers in the CON and CEI coatings. The dots denote the experimental data. The pure Al 2 O 3 etching duration for the CEI coating is 100 s shorter than that for the CON coating. out using 8 ns pulses with S-polarization from a 355 nm Nd: YAG laser at a 45°incidence angle. Laser-induced damage threshold (LIDT) tests were performed in the 1-on-1 and 300-on-1 modes, according to the ISO 21254 standard procedure [17] . Due to the uncertainties caused by the differences between samples (3%), measurements of the laser spot area (5%), and fluctuations of laser energy (5%), the relative error of the damage probability measurements amounts to 15%. Both single-shot and multiple-shot laser tests were conducted to investigate the laser damage performance and safe operating lifetimes of the multilayer coatings [18] . A visible He-Ne laser was used as the illumination source [16] . The e −2 spot diameters along the x and y axes measured by a knife-edge method were 380 μm and 460 μm, respectively. Damage was evaluated by comparing the test areas before and after laser irradiation. The site spacing was as great as 1.5 mm, about 3 times larger than the laser spot diameter, to prevent the influence of the neighboring damage. Twenty sites were probed for each obtained energy fluence value. The LIDT was defined as the energy fluence of an incident pulse corresponding to the damage probability of 0%. Damage morphologies were characterized by a scanning electron microscope (SEM, Carl Zeiss AURIGA), operating at an accelerating voltage of 1 kV. A step profiler with a 2 μm pinhead radius was also used for mapping damage depth in the 300-on-1 mode.
The 355 nm laser damage was mainly induced by nanoabsorbing defects. As shown in Fig. 4 , the LIDTs of the CEI coatings were slightly improved by CEIs. However, the CEI coatings exhibit a better laser damage resistance in both 1-on-1 and 300-on-1 modes when irradiated by lasers with higher fluence (especially at fluence values greater than 10 J∕cm 2 ). The defect thresholds and densities (related to shapes and slopes of the damage probability curves) were determined from the 1-on-1 and 300-on-1 laser damage testing data by using the model developed by Krol et al. [7] , which assumes Gaussian distribution of defect thresholds, and the energy mostly deposits on the defects when laser-induced damage occurs. The function depends on three parameters: defect density d i , defect damagethreshold mean value T i , and threshold standard deviation ΔT i ,. The parameters extracted from the best-fit curves are listed in Table 2 and the existence of two kinds of defects in both samples is noted. The low-threshold defect and the high-threshold defect show: T 1 (CON 1-ON-1) ≈T 1 (CEIs 1-ON-1) , T 2 (CON 1-ON-1) ≈T 2 (CEIs 1-ON-1) , which indicated defect types are not radically changed. For 355 nm single-nanosecond pulse irradiations, both defects in the coating layers and at the interfaces could induce damage. Although the defect threshold values T 1 (1-on-1) and T 2 (1-on-1) were not apparently improved, the defect densities d 1 (CEIs 1-on-1) and d 2 (CON  1-on-1) were much lower than those of CON coatings, indicating that both defect densities were reduced. The decrease in volume density was due to the smaller physical thickness of the pure material (measured by XPS) [19] . For defects at the interfaces, CON coatings with discrete interfaces may introduce more defects because of the alternative evaporation processes of the two different materials. In addition, both coatings show that T 1 (1-on-1) >T 1 (300-on-1) and T 2 (1-on-1) >T 2 (300-on-1) due to the fatigue effects of the multilayer coatings under multishot irradiation and fluctuations of laser fluence [20] .
As shown in Fig. 5 , the 1-on-1 laser damage morphology studies reveal that the CON coatings exhibit surface delamination induced by several absorption defects in the center (in particular, when irradiated by high-power lasers). However, the CEI coatings exhibit a "bulk-like" damage behavior [21] when irradiated by lasers with low fluence. The bulk-like damage morphologies are mainly induced by absorption defects in the damage centers with slightly cracked extensions in the radial direction. Damage morphologies characterized by severe delamination and flat pits were hardly observed for the CEI coatings, which may be due to the adhesion strength enhancement offered by CEIs. Besides, the damage pit sizes of CEI coatings are obviously smaller than those of CON coatings (see Fig. 5 ). The improvement of 1-on-1 laser damage performance was due to the lower mechanical stress in interfacemodified coatings, which could effectively suppress delamination and damage development. For 300-on-1 laser irradiation, the damage morphologies of CON and CEI coatings are very much alike, except that the damage sizes of CEI coatings are smaller and shallower than those of CON coatings when irradiated by same laser fluence (see Fig. 6 ). For example, when the CON/CEI coatings was irradiated by laser fluence of 10.7 J∕cm 2 , we got the average size of craters of 3.85 μm width and 0.33 mm depth for CON samples, 2.91 μm width and 0.22 mm depth for CEI samples.
In conclusion, 355-nm HR coatings with/without CEIs were prepared, and their optical and mechanical properties were evaluated. The damage performances of the two samples were compared both in the 1-on-1 and 300-on-1 modes. The CEI Fig. 4 . Damage probability curves for the CON and CEI coatings obtained in the 1-on-1 and 300-on-1 modes. The dots denote the experimental data, and the dashed lines denote the fitted curves. The damage morphologies obtained for the CEI coatings in the 1-on-1 mode exhibit a bulk-like damage behavior with less delamination and flat bottom pits. The 300-on-1 laser damage mode results in smaller and shallower damage morphologies for the CEI coatings, pointing to their ability to suppress damage growth. By the novelty of introducing the coevaporated process in 355 nm EB coatings, the multilayer interface properties were significantly improved, which can eventually help researchers release the coating mechanical stress and improve the damage resistance of optical coatings to high-power laser fluence.
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